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It has been proposed that patterns in the usage of
synonymous codons provide evidence that individ-
ual tRNA molecules are recycled through the ribo-
some, translating several occurrences of the same
amino acid before diffusing away. The claimed evi-
dence is based on counting the frequency with which
pairs of synonymous codons are used at nearby oc-
currences of the same amino acid, as compared to
the frequency expected if each codon were chosen
independently from a single genome-wide distribu-
tion. We show that such statistics simply measure
variation in codon preferences across a genome.
As a negative control on the potential contribution
of pressure to exploit tRNA recycling on these sig-
nals, we examine correlations in the usage of codons
that encode different amino acids. We find that these
controls are statistically as strong as the claimed ev-
idence and conclude that there is no informatic evi-
dence that tRNA recycling is a force shaping codon
usage.
INTRODUCTION
Due to degeneracies in the genetic code, sets of synonymous
codons are translated into the same amino acid. Despite the
fact that substitutions between synonymous codons in a coding
sequence do not change the amino acid sequence of the trans-
lated protein, synonymous codons are not used with equal fre-
quencies in the genomes of many organisms (Andersson and
Kurland, 1990; Sharp and Li, 1987). The extent and directions
of codon usage biases vary between organisms, between genes
within an organism’s genome, and within genes (Plotkin and Ku-
dla, 2011). Many theories have been advanced that invoke the
mechanics of the complex chain of processes that lead from
packaged DNA to translated protein to explain the observed
trends, including, but not limited to, mutational bias (Bulmer,
1991), bias in repair or heteroduplex mismatch resolution mech-
anisms (Duret, 2002), selection for enhanced translational elon-
gation speed or translational accuracy via the coupling of codon
usage frequencies to tRNA abundance differentials (Lavner and
Kotlar, 2005; Hershberg and Petrov, 2008; Drummond and1624 Cell Reports 8, 1624–1629, September 25, 2014 ª2014 The AuWilke, 2008; Zhang et al., 2010), selection to enhancemRNA sta-
bility (Katz and Burge, 2003) or to minimize mRNA secondary
structure in the neighborhood of binding sites for the translation
initiation complex (Kudla et al., 2009; Gu et al., 2010), and selec-
tion to maintain control over splicing (Pagani et al., 2005; Cha-
mary et al., 2006; Parmley and Hurst, 2007). The relative impor-
tance of these mechanisms in shaping the structure of codon
usage biases remains poorly understood.
Just as existing biological knowledge can be used to make
sense of patterns in codon usage, the detection of patterns in
codon usage across and between genomes can be used to
make inferences about biological processes. In a recent paper,
Cannarozzi et al. (2010) make such an inference about the dy-
namics of translation. They examine all coding sequences of
the genomes of several organisms and measure several related
statistics, which are based on counting the frequency with which
a given pair of codons is used to encode pairs of occurrences of
the same amino acid that are located close to each other in a
coding sequence. They observe that the same codon is used
for two nearby occurrences more often than would be expected
if every codon choice was drawn independently from a single
genome-wide distribution. Furthermore, they observe that
nearby pairs consisting of two distinct codons that occur more
often than expected tend to be codons that are translated by
the same isoaccepting tRNA species. They interpret these re-
sults as evidence for the intriguing hypothesis that consecutive
codon choices are not made independently but instead experi-
ence selective pressure to use codons from the same isoaccept-
ing class. They speculate that such reuse allows a single tRNA
molecule to translate multiple codons before diffusing away
from the ribosome, perhaps via a physical association between
the ribosome and aminoacyl-tRNA synthetases. When making
an inference such as this, care must be taken to disentangle
other potential sources of the observed supporting evidence.
It is important to determine whether the statistical evidence
presented by Cannarozzi et al. offers specific support for their
proposed tRNA recycling hypothesis over other previously es-
tablished mechanisms influencing codon usage.
RESULTS
Positive Diagonal Entries Are a Generic Indicator of
Nonuniform Codon Preferences
The main line of Cannarozzi et al.’s informatic evidence con-
sists of a set of statistics that we will call the local covariancesthors
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Figure 1. Arbitrary Codon Pairs Exhibit Comparable Local Covariance in Usage to Same-Amino-Acid Pairs
(A–C) Case 1: for codons encoding the same amino acids (the cases considered by Cannarozzi et al.), all sequential pairs of occurrences of an amino acid (in this
case, serine) are identified (A) and the pairs of codons used to encode each pair of occurrences are counted (B). The total counts recorded over all coding
sequences are then compared to the counts expected under a null model (see text for discussion of null model choice) to produce fractional deviations of actual
counts from expected counts (C).
(D–G) Case 2: for codons encoding different amino acids, all ordered sequential pairs of occurrences of an ordered pair of amino acids (in this case, isoleucine and
serine) are identified (D) and the pairs of codons used to encode each pair of occurrences are counted (E). Fractional deviations of actual counts from expected
counts are produced as in the previous case (F). Collectively, the first case makes up the block diagonal of Figure 3, and the second case makes up the block
off-diagonal portion of Figure 3 (G).
Deviations of comparable size are seen in (C) and (F).in codon preference relative to genome-wide preferences. To
compute these statistics, an ordered pair of codons trans-
lating the same amino acid is selected. The locations of all
occurrences of the amino acid in all coding sequences of a
genome are extracted, and the number of times that a sequen-
tial pair of occurrences is encoded by the pair of codons of in-
terest is counted (Figures 1A and 1B). The count recorded is
then compared to the number expected under a null model
in which the codon used at each occurrence of the amino
acid is an independent draw from a genome-wide codon pref-
erence distribution for the amino acid, estimated by the
genome-wide frequencies with which each codon is used (Fig-
ure 1C). An amino acid encoded by d synonymous codons
has d2 possible ordered pairs of codons and therefore pro-
duces d2 of these statistics, which can be naturally arranged
in a d3d matrix. Terms on the diagonal of the matrix corre-
spond to pairs consisting of repeated uses of the same codon,
whereas terms off of the diagonal correspond to pairs consist-
ing of two distinct codons. Cannarozzi et al. compute this set
of statistics for several amino acids in Saccharomyces cerevi-
siae and find that diagonal terms are universally positive, cor-Cell Reresponding to more occurrences of pairs of the same codon
than expected under the null model. They interpret this obser-
vation as evidence that successive codon choices are not
made independently but instead preferentially reuse the
same codon.
The set of statistics considered do not provide specific sup-
port for this interpretation. The statistics are unable to distinguish
between a model of codon usage in which the choices of codon
used at consecutive occurrences of an amino acid are not inde-
pendent and amodel in which consecutive choices are indepen-
dent but drawn from distributions whose parameters vary across
the genome with any spatial structure at scales longer than the
distance between amino acid occurrences but shorter than the
entire genome.
To see this, consider an arbitrary amino acid translated by
d synonymous codons and pick one of these codons. Let
plocal be the location-specific probability with which the
codon is used. Suppose that plocal varies as a function of
location in the genome on scales longer than the typical
distance between occurrences of the amino acid, so that
the values of plocal at the two locations which make up aports 8, 1624–1629, September 25, 2014 ª2014 The Authors 1625
Figure 2. Most of the Apparent Signal in Codon Pair Usage Is due to
Gene-Specific Codon Preferences
(A) Fractional deviations of actual counts of concordant codon pairs
(diagonal entries in matrices) from expected counts under null models of (1)
a single genome-wide codon preference distribution (magenta) or (2) gene-
by-gene distributions (green). Most of the strength of the signal present
relative to a genome-wide model disappears relative to a gene-by-gene
model.
(B) Fractions of concordant codon pairs with statistically significant deviations
from expected counts under null models at Benjamini-Hochberg false dis-
covery rate of a= 0:05.
p values for each codon pair to input to the Benjamini-Hochberg prescription
were computed as (1) the fraction of 10,000 shuffles of codon assignments to
amino acids within the entire genome (magenta) or (2) fraction of 10,000
shuffles of codon assignments to amino acids within each gene (green) for
which the shuffled termwasmore extreme relative to the appropriate expected
value than that of the actual data. Much of the statistical significance present
relative to a genome-wide model disappears relative to a gene-by-gene
model.sequential pair of amino acid occurrences can be viewed
as approximately equal. Let ngenome be the number of
sequential pairs of occurrences of the amino acid in the
genome, and let Egenome denote taking the expected value
across all such pairs. Then (see the Supplemental Experi-
mental Procedures), a null model of independent draws
from a genome-wide codon preference distribution predicts
that ngenomeEgenome½plocal2 pairs of the codon will be
observed, whereas the actual number expected is given by
ngenomeEgenome½p2local. The statistic of interest, the deviation
of observed counts from the genome-wide null model predic-
tion, therefore has the expected value
ngenome
h
Egenome

p2local
 Egenome½plocal2i
and has a clear interpretation as a measure of the variance
across the genome in the local independent probability with
which the codon is used. In particular, the fact that this
expression consists of the difference between the expected
value of the square of a function and the square of the ex-
pected value of the function means that it is guaranteed (by
Jensen’s inequality) to be positive if plocal is not simply con-
stant across the genome. Intuitively, the application of Jen-
sen’s inequality tells us that, whereas variation in plocal leads1626 Cell Reports 8, 1624–1629, September 25, 2014 ª2014 The Auto the accumulation of excess consecutive pairs of the codon
in regions where plocal is higher than its genome-wide average
and the depletion of pairs in regions where plocal is lower than
its average, the strict convexity of the function of plocal under
consideration (namely, squaring) guarantees that the gains
will always more than offset the losses. The fact that univer-
sally positive values of the statistics are observed on the diag-
onals of matrices is now seen to be unremarkable. It is
expected under any model of codon usage in which codon
preferences are not uniform across a genome. The two other
types of statistics Cannarozzi et al. consider—the tRNA pair-
ing index and tRNA correlation as a function of distance
between amino acid occurrences—are variations on this
theme and suffer from the same lack of specificity for essen-
tially identical reasons (see the Supplemental Experimental
Procedures).
Of course, codon preferences are not uniform across ge-
nomes. In particular, the existence of gene-specific codon
preferences is a well-studied and well-accepted (if not
completely well-understood) phenomenon (Sharp et al.,
1995; Wright, 1990). Cannarozzi et al. correctly identify the
need to control for gene-specific codon preferences and
correctly identify that shuffling the assignments of codon
choices to amino acid occurrences within each gene provides
a way to do this. The striking feature of their controls, which
compare their statistics computed on real data to statistics
computed on a single shuffle of the data, however, is not
that some signal survives the shuffle but that most of the signal
does not. To directly quantify the extent to which the observed
signals are explained by gene-specific codon preferences, we
computed the expected numbers of pairs of sequential occur-
rences of each amino acid encoded by each pair of codons
under such a gene-by-gene shuffle (see the Experimental Pro-
cedures). Fractional deviations of the data relative to this gene-
specific null model are dramatically less extreme (Figure 2A)
and less uniformly statistically significant (Figure 2B) than
deviations over a genome-wide model. Having presented this
control, it should be noted that Cannarozzi et al.’s argument
that ‘‘if the correlation effect was simply due to the accumula-
tion of frequent codons in genes with biased codon composi-
tion, this effect should also be highest for frequent codons and
not observed for rare codon’’ misstates the effect that local
bias in codon composition has on correlation effects. The
effect will be highest for codons whose location-specific fre-
quency exhibits the most variation around its average fre-
quency in the genome, not those whose average frequency
is highest.
Signal that Survives Gene-by-Gene Shuffling Is Also
Nonspecific
The existence of statistically significant (but substantially
reduced) residual positive diagonal values after replacing Can-
narozzi et al.’s genome-wide null model with a gene-specific
null model is no more specific evidence for tRNA recycling
than the original signal was. By repeating the same argument
as above with the phrase ‘‘gene-specific’’ substituted for
‘‘genome-wide,’’ the expected value of the modified statistic is
(see the Supplemental Experimental Procedures)thors
Figure 3. Complete Data for the Framework
Shown in Figure 1G, Generated According to
the Process Outlined in Figure 1
Fractional deviations of counts of actual usage of
codon pairs in all coding sequences of
S. cerevisiae with respect to counts expected
under a shuffling of assignments of codons to
amino acids within each gene. The thickly
bordered diagonal blocks contain those pairs of
codons that encode the same amino acid. These
diagonal blocks are not a visually distinct subset
of the full matrix. See Figure 4 for quantitative
comparison.X
genes
ngene

Egene

p2local
 Egene½plocal2;
where ngene is the number of pairs of occurrences in a given
gene, and positive values of the modified statistic are
generic evidence for the existence of structure in codon pref-
erences at scales larger than the distance between occur-
rences but smaller than genes. The existence of intragenic
codon preference structure in many organisms is well estab-
lished (Chen and Inouye, 1990; Eyre-Walker and Bulmer,
1993; Qin et al., 2004), and several models of sources for
such structure have been proposed (Tuller et al., 2010; Gu
et al., 2010).
A simple observation allows us to assess the amount of intra-
genic structure in codon preference that is due to sources that
are not tRNA recycling. The set of statistics considered by Can-
narozzi et al. can be extended in a natural way to consider pairs
of codons encoding distinct amino acids. To construct this
generalized set of statistics, label the 61 nonstop codons and
select an arbitrary ordered pair ði; jÞ. Let ai be the amino acid
translated by the first codon and aj be the amino acid trans-
lated by the second codon. In each coding sequence in the
genome, identify every sequential pair of occurrences of ai
and aj (that is, a pair such that the occurrence of ai is before
that of aj and there are no other occurrences of either amino
acid in between the two; Figure 1D). Record the number of
such pairs that are encoded by codons i and j (Figure 1E).
The count produced can then be compared to the number ex-
pected under gene-specific shuffling of codon assignments toCell Reports 8, 1624–1629, Seamino acid occurrences (see the Experi-
mental Procedures; Figure 1F). The
resulting statistics for all possible pairs
of codons can be naturally arranged in
a 61361 matrix (Figure 1G). If codons
are grouped according to the amino
acid they translate, the original subset
of codon pairs considered by Cannarozzi
et al. (the special cases for which ai = aj )
occupies blocks on the diagonal.
Following a similar line of reasoning as
above, if p
ðiÞ
local and p
ðjÞ
local are the local
probabilities with which codons i and j,
respectively, are used as a function oflocation in the genome, the ði; jÞ th entry in this matrix has an
expected value approximately equal toX
genes
n
ðai ;ajÞ
gene

Egene
h
p
ðiÞ
localp
ðjÞ
local
i
 Egene
h
p
ðiÞ
local
i
Egene
h
p
ðjÞ
local
i
;
where n
ðai ;ajÞ
gene is the number of sequential pairs of occurrences of
ai and aj in a given gene. The motivation for calling this set of sta-
tistics the local covariance in codon preference is now apparent.
Significantly nonzero values for pairs of codons that do not
encode the same amino acid cannot be caused by pressure
for tRNA recycling because such pairs are neither translated
by the same isoaccepting tRNA species nor forced to offset a
potentially disproportionate share of expected counts taken up
by a pair that is. Such values are, however, easily explained by
models of location-specific variation in codon preferences. Intu-
itively, positive values of such an off-diagonal term indicate that
regions in which codon i is used more often than its gene-wide
frequency tend to overlap with regions in which codon j is used
more often than its gene-wide frequency. Of course, this argu-
ment is unchanged if codons i and j are distinct but encode the
same amino acid. As Cannarozzi et al. observe, in this case, pos-
itive values tend to be ði; jÞ pairs that are translated by the same
tRNA species, an observation that survives the switch to a gene-
specific null model. Whereas this signature could be caused by
tRNA recycling, it could also simply indicate that local codon
preferences are coupled, by selection, to the identities of tRNA
species. For example, translation may be locally slowed down
in portions of genes to prevent ribosomal ‘‘traffic jams’’ (Tuller
et al., 2010) or to allow time for cotranslational folding of theptember 25, 2014 ª2014 The Authors 1627
Figure 4. Comparison of Signals Observed
for Codon Pairs Encoding the Same Amino
Acid and Codon Pairs Encoding Different
Amino Acids
(A) Distributions of fractional deviations shown in
Figure 3 for (1) terms inside of the block diagonal,
representing pairs of codons encoding the same
amino acid (brown), and (2) terms outside of the
block diagonal, representing pairs of codons en-
coding different amino acids (cyan). The distribu-
tions of signal strengths for these two classes of
codon pairs are strikingly similar.
(B) Empirical cumulative distribution functions of p
values for the fractional deviations in Figure 3 for (1)
terms inside of the block diagonal (brown) and (2)
terms outside of the block diagonal (cyan). p values
for each term were computed as the fraction of
10,000 shuffles of codon assignments to amino
acids within each gene for which the shuffled term
was more extreme relative to the expected value
than that of the actual data.nascent polypeptide (Komar, 2009) through the preferential us-
age of codons translated by scarce tRNA species, or regions
of genes prone to misfolding may experience pressure to use
more accurate tRNAs (Drummond andWilke, 2008). Suchmech-
anisms would create positive covariances in location-specific
preferences for codons translated by a given tRNA.
We now establish the plausibility of the second interpretation.
Examining the strength and significance of local covariances be-
tween pairs of codons translating distinct amino acids, which
can be caused by local independent codon preference variation
but not by tRNA recycling, and comparing these to pairs trans-
lating the same amino acid allows us to determine if tRNA recy-
cling is plausibly a major influence on codon usage. The 61361
matrix of fractional deviations for all codon pairs in S. cerevisiae
shows widespread structure (Figure 3). In particular, the block-
diagonal segment corresponding to pairs encoding the same
amino acid is not a visually or statistically distinct subset of the
entire matrix. The distributions of fractional deviations and statis-
tical significances corresponding to terms inside of the block-di-
agonal subset and those corresponding to terms outside of the
block-diagonal subset are strikingly qualitatively similar (Fig-
ure 4A). Comparable fractions of terms from each class are indis-
putably statistically significant (Figures 4B and S1). The largest
positive and negative values for pairs encoding distinct amino
acids are as extreme as those for pairs of distinct codons encod-
ing the same amino acid. Taken together, these observations
suggest that values in the diagonal blocks can be explained
entirely by local preference structure induced by non-tRNA-re-
cycling mechanisms and therefore cannot be taken as specific
evidence that tRNA recycling is a major force shaping codon
choices.
EXPERIMENTAL PROCEDURES
Databases
Yeast coding sequences were retrieved from release 60 of the Ensembl data-
bases using the Ensembl Perl API (Flicek et al., 2011).1628 Cell Reports 8, 1624–1629, September 25, 2014 ª2014 The AuDerivation of Expected Number of Pairs under Gene-Specific
Shuffling
Pick an arbitrary amino acid that is translated by d codons. Let N be the total
number of genes in a genome, ng be the number of occurrences of the amino
acid in gene g, and cg; i be the number of occurrences of codon i in gene g.
What is the expected number of consecutive occurrences of the pair of
choices ði; jÞ in a synthetic assignment of codon choices to occurrences pro-
duced by randomly shuffling the actual set of codon choices within each gene?
First, note that, for any gene g and pair of amino acid occurrences k and k + 1,
Pshuffle½occurrence k is codon i and occurrence k + 1 is codon j
=
8>><
>>:
cg;i
ng
cg;i  1
ng  1 ; i = j
cg;i
ng
cg;j
ng  1; isj
:
Let 1
ði; jÞ
g; k be 1 if the k th pair of consecutive occurrences of the amino acid in
gene g (that is, occurrences k and k + 1 ) consists of codon choices i and j and 0
otherwise.
Then,
Eshuffle½number of pairs i; j=Eshuffle
"XN
g= 1
Xng  1
k = 1
1
ði; jÞ
g; k
#
=
PN
g= 1
Png  1
k = 1
Eshuffle
h
1
ði; jÞ
g; k
i
=
8>>><
>>>:
PN
g= 1
Png  1
k =1
cg;i
ng
cg;i  1
ng  1 ; i = j
PN
g= 1
Png  1
k =1
cg;i
ng
cg;j
ng  1; isj
=
8>>><
>>>:
PN
g= 1
cg;i

cg;i  1

ng
; i = j
PN
g= 1
cg;icg;j
ng
; isj
:
For the generalized set of statistics, consider codons i and j encoding amino
acids ai and aj with aisaj . Let n
ðaiÞ
g be the number of occurrences of ai , n
ðaj Þ
g be
the number of occurrences of aj, n
ðai ;aj Þ
g be the number of pairs of occurrences
of ai followed at some distance by aj such that there is no other occurrencethors
of ai or aj between the two in gene g, and 1
ði; jÞ
g; k be 1 if the k th such pair in gene
g consists of codons i and j and 0 otherwise.
Then,
Eshuffle½number of pairs i; j=Eshuffle
2
664X
N
g= 1
Xnðai ; ajÞg  1
k = 1
1
ði; jÞ
g; k
3
775
=
PN
g= 1
Pnðai ; ajÞg  1
k = 1
Eshuffle
h
1
ði; jÞ
g; k
i
=
PN
g=1
n
ðai ; ajÞ
g
cg;i
nðai Þg
cg;j
n
ðajÞ
g
:
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